This study was performed to compare the area of the foveal avascular zone (FAZ-area) obtained by three optical coherence tomography angiography (OCTA) instruments. This was a cross-sectional, non-interventional study of twenty-seven healthy right eyes. The superficial and deep FAZ-area was measured manually with three OCTA instruments: Triton (Topcon), RS3000 (Nidek), and CIRRUS (Zeiss). The intra-rater, inter-rater, and inter-instrument correlation coefficients (CC) were assessed. The intrarater and inter-rater CC were significantly high for the superficial and deep FAZ-areas (P < 0.001). Fluorescein angiography (FA) and indocyanine green angiography (ICGA) have proven to be very good methods to evaluate retinal diseases 1-3 . They have provided large amounts of information to the understanding and treatments of many retinal diseases. However, there are substantial drawbacks of FA and ICGA including their invasiveness which has made their use less frequent in the clinic 4, 5 . Optical coherence tomography angiography (OCTA) is a newly developed non-invasive imaging technique that is based on motion contrast imaging of high-resolution volumetric blood flow to generate angiographic images in a matter of seconds 6 . Its potential clinical application is large although there is very little level I evidence of its reproducibility. For example, there is a non-vascular area in the fovea known as the foveal avascular zone (FAZ) which can be deformed in diabetic retinopathy, age-related macular degeneration, and retinal vascular occlusion [7] [8] [9] [10] [11] [12] [13] [14] . Although the FAZ has already been detected by FA, the ability of OCTA to detect the microvascular structures clearly with little invasiveness makes the size and shape of the FAZ a clinical parameter to investigate in different retinal diseases [7] [8] [9] [10] [11] [12] [13] [14] . However, the algorithms used in the commercially-available OCTA instruments to record images are believed to be different among the instruments. Thus, the FAZ area determined by the different OCTA instruments might not be interchangeable. The issue of interchangeability among the different devices was reported on the other OCT parameters, e.g., choroidal thickness, foveal structures, and thickness [15] [16] [17] . Considering the potential usefulness of OCTA in clinical ophthalmology, it is necessary to know the characteristics of each instrument including the inter-examination and inter-instrument reproducibility. To the best of
our knowledge, there has not been a study comparing the OCTA measurements obtained in a standardized and prospective way by three different commercially-available instruments.
Thus, the aim of this study was to determine the inter-instrument reproducibility of the measurements made by three commercially-available OCTA instruments on normal eyes. Because the area of the FAZ is an easily detectable structure in the OCTA images, it was analyzed. In addition, the intra-rater and inter-rater correlation coefficients of 3 independent masked graders were determined.
Results
Forty volunteers were screened for this study but 8 eyes were excluded because of high myopia, cataract, or corneal cloudiness. Of the 32 eyes studied, 27 had clear OCTA images (19 men and 8 women) . Their average age was 36.8 ± 10.2 years ( ± SD) with a range from 26 to 57 years. The average refractive error was slightly myopic at −2.7 ± 1.6 D with a range from −0.25 to −5.25 D. The average IOP was 13.9 ± 2.2 mmHg with a range from 10 to 20 mmHg.
Repeatability of examinations: intra-class or inter-class correlation coefficients. The coefficient of variance ranged from 0.24 to 0.29 for the 3 instruments for the superficial FAZ and the deep FAZ. For each instrument, the intra-rater correlation coefficient was significantly high and almost perfectly matched the intraclass correlation coefficient (ICC) or was higher than 0.987 (P < 0.001, Table 1 ). The inter-rater correlation coefficient was also high and almost perfectly matched the ICC by being higher than 0.964 (P < 0.001, Table 2 ). This held for the superficial and the deep FAZs.
Inter-instrument comparisons. The area of the FAZ determined by the 3 instruments were significantly correlated with each other (Table 3 ). For the superficial FAZ, the intra-class correlation coefficient was greater than 0.89 for any combination of the three instruments. For the deep FAZ, the intra-class correlation coefficient was good at ≥0.67 for any combination but weaker than that for the superficial FAZ (Table 4) .
The average area of the superficial FAZ was 0.264 ± 0.071 mm 2 measured with the Triton, 0.278 ± 0.072 mm 2 measured with the RS3000, and 0.257 ± 0.066 mm 2 measured with the CIRRUS. The area of the superficial FAZ obtained with the Triton was 0.013 mm 2 smaller than the RS3000 which was significantly different (P = 0.012). The superficial FAZ measured with the RS3000 was 0.021 mm 2 larger than that with the CIRRUS which was significantly different (P < 0.001). The superficial FAZ measured with the CIRRUS was 0.007 mm 2 smaller than that of the Triton (P = 0.049). The maximum values for the differences were −0.076 mm 2 for the Triton minus the RS3000, 0.064 mm 2 for the RS3000 minus the CIRRUS, and −0.048 mm 2 for the CIRRUS minus the Triton (Table 3) .
The average area of the deep FAZ was 0.617 ± 0.175 mm 2 measured with the Triton, 0.646 ± 0.178 mm 2 measured with the RS3000, and 0.719 ± 0.175 mm 2 measured with the CIRRUS. The area of the deep FAZ obtained with the Triton was 0.030 mm 2 smaller than that with the RS3000, but the difference was not significant (P = 0.23). The deep FAZ measured with the RS3000 was 0.073 mm 2 smaller than that with the CIRRUS which was significant (P < 0.001). which was significant (P = 0.049).The maximum values for the differences were −0.334 mm 2 for the Triton minus the RS3000, −0.382 mm 2 for the RS3000 minus the CIRRUS, and 0.372 mm 2 for the CIRRUS minus the Triton (Table 4) .
In CIRRUS, the area of the superficial FAZ determined by the embedded automated software was 0.253 ± 0.068 mm 2 which was highly comparable to the area measured manually at 0.257 ± 0.066 mm 2 (P < 0.001; ICC: 0.987 Confidence interval; 0.970-0.994).
Bland-Altman plot analyses. For the superficial FAZ, there was a fixed bias between the instruments; the Triton vs the RS3000 had a bias (95% CI, −0.024 to −0.003), and for the RS3000 vs the CIRRUS had a bias (95% CI, 0.011 to 0.031), and the CIRRUS vs the Triton had a bias (95% CI, −0.015 to −0.00). While there was not any proportional bias between any two instruments, the Triton vs the RS3000 had a regression coefficient of 0.020 (P = 0.991), the RS3000 vs the CIRRUS had a regression coefficient of 0.22 (P = 0.27), and the CIRRUS vs the Triton had a regression coefficient 0.306 (P = 0.12; Fig. 1 ).
For the deep FAZ, there was a fixed bias between the RS3000 and the CIRRUS (95% CI, −0.124 to −0.022), or the CIRRUS and the Triton (95% CI, 0.056 to 0.149). But there was no fixed bias between the Triton and the RS3000 (95% CI, −0.073 to 0.013). There was no proportional bias between any two instruments; the Triton vs the RS3000, (regression coefficient 0.026; P = 0.898), the RS3000 vs the CIRRUS (regression coefficient 0.022; P = 0.913) and the CIRRUS vs the Triton (regression coefficient 0.001; P = 0.993; Fig. 2 ).
Comparisons of 3 × 3 images of superficial FAZ of the same eye. The area of the FAZ measured by the CIRRUS was always the largest among the three instruments (Fig. 3) . The Triton defined the area larger than the RS3000, except for one eye. In the case that the RS3000 was larger, a slight motion artifact was recognized for the Triton. Therefore, even though the reference scale was set at 3 mm on the retina, its actual size was not the same for the three instruments. The percentage of images measured with the RS3000 was 90.0 ± 0.02% and that with the Triton was 96.6 ± 0.01% of that measured with the CIRRUS. Table 4 . Comparison of two instruments for deep FAZ. CI, confidence interval; ICC, intraclass correlation coefficients.
Figure 1.
Bland-Altman plot analyses for the superficial FAZ. There was a fixed bias among the three instruments but there was no proportional bias between any two instruments.
Discussion
The results showed that the intra-rater and inter-rater correlation coefficients were high for any single instrument indicating that each is clinically suitable for evaluating the area of the FAZs. The inter-instrument correlation coefficients were also high for the superficial FAZ, however the absolute value of the FAZ was significantly different between instruments with a significant fixed bias. For example, the value of the superficial FAZ measured with the RS3000 was 0.013 mm 2 larger than that of the Triton, the RS3000 was 0.021 mm 2 larger than that by the CIRRUS and the Triton was 0.007 mm 2 larger than that of the CIRRUS. For the deep FAZ, the inter-instrument correlation coefficient was also good but it was lower than that for the superficial FAZ. The absolute value of the area of the deep FAZ was significantly different between the CIRRUS and the RS3000 or between the CIRRUS and the Triton but not between the Triton and the RS3000.
We investigated the reason why these differences were present. By merging the 3 × 3 mm images of the superficial slab of the same eye obtained with different instruments, it was found that the CIRRUS defined the 3 × 3 mm area as being larger than that of the other two instruments (Fig. 3) . As a result, the area of the FAZ was calculated to be the smallest with the CIRRUS among the three instruments. This was further confirmed by Brand-Altman analysis that showed the presence of fixed bias between instruments. In the 3 × 3 images defined by each instrument, the Triton was on the average 96.6% of the CIRRUS, and the RS3000 was 90.0% of the CIRRUS. Because the average superficial FAZ was 0.278 mm 2 with the RS3000, it can be calculated to be 0.250 mm 2 with the CIRRUS (0.278 × 90/100), which was almost the same as the actual FAZ of 0.252 mm 2 with the CIRRUS. The average superficial FAZ was 0.264 mm 2 with the Triton, so it should be 0.255 mm 2 theoretically with the CIRRUS (0.264 × 96.6/100), which was also the same as the actual FAZ with the CIRRUS. This difference of the 3 × 3 mm area size between instruments can clearly explain the difference of FAZ sizes. It is possible that these differences were made by the magnification effect caused by the differences in the axial length. Thus, the larger area was present in eyes with longer axial lengths without adjustments. Because the CIRRUS does not make adjustments for the axial length, it may be possible due to the magnification effect.
An important finding was that the inter-instrument correlation coefficient was very high for the superficial FAZ but not for the deep FAZ. In previous studies using a single instrument, the repeatability was almost perfect for the superficial FAZ but not for the deep FAZ [18] [19] [20] [21] . Indeed, the average superficial FAZ of normal subjects was ranged from 0.250 to 0.304 mm 2 with 0.054 mm 2 difference, while the size of the deep FAZ was ranged from 0.34 to 0.614 mm 2 with 0.274 mm 2 difference, in which the difference was larger than that for the superficial FAZ 14, [18] [19] [20] [21] . The cause for the wide differences on the quantitative information of the deep plexus can probably be explained by the influence of shadow artifacts 20 . Qualitatively, the FAZ borders were better defined at the level of the superficial than the deep network. This is anatomically reasonable because these capillary networks branch off from the parafoveal capillaries in the ganglion cell layer, and they form the superficial FAZ in agreement with early histological studies 22, 23 . In addition, the size of the superficial FAZ has a very strong correlation with the FAZ in the full-thickness retina although deep FAZ does not 24 . This suggests that the superficial FAZ can be detected more clearly than the deep FAZ. This also supports our results. There was a fixed bias between the RS3000 and CIRRUS and between the CIRRUS and Triton. However, there was no fixed bias between the Triton and RS3000. There was no proportional bias between any two machines.
Another explanation for the indistinct borders of the deep FAZ may be the spatial resolution of the imaging instruments. The currently available OCTA instruments can identify the superficial and deep retinal vascular networks. However, histological studies show that the deep network is composed of 2 individual and separate networks which could affect the definition of FAZ border by each device 24, 25 . This is supported by the present findings of the differences in the fixed biases between the superficial and deep FAZ. In the superficial FAZ, the FAZ was largest with the RS3000 followed by the Triton and the CIRRUS. Even though the measured C-scan area was exactly the same with the same instruments, the deep FAZ measured with the CIRRUS was larger than that by the Triton which was the opposite for the superficial FAZ. Even though the defined 3 × 3 mm image area with the CIRRUS would be larger than with the other instruments, the relatively indistinct borders of the deep FAZ might make it more unclear. Because the algorithm equipped with each instrument is not fully open sourced, it is difficult to determine the exact reason for these differences.
There are several limitations in this study. First, the number of subjects was not large. Second, the subjects were healthy but myopic. Because young Japanese individuals are one of the most myopic populations the present results probably do not represent the real world data 26 . Third, the analysis was of a small field of view of 3 × 3 mm 2 .
A larger field of view using OCTA may allow further information such as the correlation between FAZ area and changes in the periphery.
Another major limitation of the OCTA technology is the accuracy of the segmentation algorithm equipped with each instrument. Although these studies were on healthy subjects, segmentation errors were present in some of the eyes. The automatic segmentation or the development of a more efficient automatic correction algorithm would be preferable. In addition, the automatic software used to measure the FAZ area is not available for RS3000 and Triton OCTA instruments. Thus, we analyzed FAZ area manually with ImageJ. Indeed, most of published papers investigating the FAZ area in the OCTA images use the ImageJ software as we did in this study 7, 20, 24, [27] [28] [29] . The development of an automated software might make this analysis easier and more accurate. Under these conditions, it is important for researchers and clinicians to know the 3 × 3 mm area defined by each machine is not always the same. This information must be shared in the ophthalmological society.
In conclusion, considering that the Bland-Altman plots were distributed within the limits of agreement, the area of the superficial FAZ determined by these instruments can be clinically interchangeable to a certain extent. However, the absolute values of FAZ areas are significantly different from each other. This should be remembered when interpreting the results measured with different instruments, such as the longitudinal size or among the different cohorts, and when the data collected in different clinics using different instruments are compared. Additionally, the information obtained in this study should be shared between different manufacturers for further improvements. 
Methods
All of the procedures used conformed to the tenets of the Declaration of Helsinki. A signed informed consent was obtained from all of the subjects after an explanation of the procedures to be used. This was a prospective, cross sectional study that was performed at a single institution from April 30 to May 30, 2016. The procedures used in this study were approved by the Ethics Committee of Kagoshima University Hospital (Kagoshima, Japan) and registered with the University Hospital Medical Network (UMIN)-clinical trials registry (CTR). The registration title was, "UMIN000024919, Analysis of retinal blood vessels and blood flow using optical coherence tomography". A detailed protocol is available at https://upload.umin.ac.jp/cgi-open-bin/ctr/ctr_view.cgi?recptno = R000028514.
Approximately 40 volunteers were initially enrolled, and all had a complete ocular examination including measurements of the refractive error (spherical equivalent) with an autorefractor keratometer (RM8900; Topcon, Tokyo, Japan), best-corrected visual acuity (BCVA), IOP with a pneumotonometer (CT-80; Topcon), slit-lamp biomicroscopy, and dilated funduscopy. The axial length was measured by optical interferometry (OA-1000; Tomey, Tokyo, Japan). Only the right eye was measured with the three OCT angiographic instruments.
The inclusion criteria were an age of >20 years and <60 years, BCVA equal or better than 20/20, and normal fundus by ophthalmoscopy and OCT. The exclusion criteria were history of ocular and systemic diseases, prior ocular surgery or intraocular injections, and high myopia of −6.0 diopters (D) or higher.
Optical Coherence Tomography Angiography (OCTA) Scanning Protocol. All OCTA examinations were performed based on the analysis protocol and variables for each device (Table 5) . Following each examination, the best image was projected onto a computer screen and evaluated by 3 independent masked graders (HS, NK, SS). If the OCTA image was determined to be clear and the FAZ distinguishable by at least 2 of the graders, the image was used for the following examinations.
For the intra-rater agreement analysis, two OCTA images were collected by HS within a 30 minute period. For the inter-rater agreement analysis, the OCTA images were taken of each of the patients by two examiners (HS, NK) and evaluated.
Measurements with the Triton instrument. SS OCT Angio OCTA software of the commercially available DRI-OCT Triton (Topcon) was operated as reported in detail 8, 27 . The images were obtained using a swept-source OCT device with a central wavelength of 1050 nm, an acquisition speed of 100,000 A-scans/sec, and an axial and transversal resolution of 8 and 20 μm in tissue, respectively. Scans were taken from 3 × 3 mm cubes with each cube consisting of 320 clusters of four repeated B-scans centered on the fovea. Based on these default settings, the superficial network extended from 2.6 μm below the internal limiting membrane (ILM) to 15.6 μm below the inner plexiform layer (IPL). The deep capillary network extended from 15.6 to 70.2 μm below the IPL. The axial adjustment was done using the software equipped with the device.
Measurements with the RS3000 instrument. Angio Scan OCTA software of the commercially available RS 3000 Advance (Nidek, Tokyo, Japan) was operated. The images were obtained using a SD-OCT device with a central wavelength of 880 nm, an acquisition speed of 53,000 A-scans/sec, and an axial and transversal resolution of 7 and 20 μm in tissue, respectively. Scans were taken from 3 × 3 mm cubes with each cube consisting of 256 clusters of four repeated B-scans centered on the fovea. Based on these default settings, the superficial network extended from the top of the ILM to 8 μm below the IPL. The deep capillary network extended from 13 to 88 μm below the IPL. The axial adjustment was done using the software equipped with this device.
Measurements with the CIRRUS instrument. Angio Plex OCTA software of the commercially available CIRRUS HD-OCT models 5000 (Carl Zeiss Meditech, Dublin, California, USA) 30 . The images were obtained using a SD-OCT device with a central wavelength of 840 nm, an acquisition speed of 68,000 A-scans/sec, and an axial and transversal resolution of 5 and 15 µm in tissue, respectively. Scans were taken from 3 × 3 mm cubes with each cube consisting of 245 clusters of four repeated B-scans centered on the fovea. Based on these default settings, the superficial capillary network was generated separated using the automated software algorithm. The deep capillary network extended from the lower end of the superficial layer to 70 μm below the IPL. The axial adjustment was not done.
Image analyses. The FAZ area was defined as the avascular area in the center of the fovea, and the border of the FAZ was manually drawn by 2 retina specialists (HS and NK) who were masked to the clinical information. These examiners started with the raw images, did their own segmentation correction, and then analyzed the images. The ImageJ software was used to calculate the area of the FAZ as reported 14 . To delineate the border of the FAZ, "Polygon selections" program was used to demarcate the boundaries of the FAZ manually. Comparison of manual and automated measurement of FAZ area in CIRRUS. There was no commercially available automated software embedded in the OCTA instruments to measure the FAZ area when we conducted this study. Very recently, a software became available for the CIRRUS (superficial FAZ). We thus compare the superficial FAZ area measured manually or by the software in Zeiss OCTA. The superficial FAZ area in the images used in this study was measured with the embedded software. The absolute value of the area was compared with the results by manual measurement.
Merging FAZ images of different OCTA instruments. The OCTA images from each instrument were used. For the Triton instrument, the reference was determined by the properties of the instrument with 256 pixels representing 3 mm. For the RS3000, 345 pixels represented 3 mm, and for the CIRRUS, 429 pixels represent 3 mm. These values were converted to mm 2 using a scale conversion. They were then merged based on the distribution of the retinal vessels.
The ranking of the size of each image was determined by 2 of the masked examiners (HS, TY; Fig. 3 ). Because our preliminary study showed that the CIRRUS always had the largest area, the areas measured with the RS3000 or the Triton were expressed as the percentage of the area measured with the CIRRUS for each eye. Then, the percentage was averaged for each device.
Statistical Analyses. All statistical analyses were performed with SPSS statistics 19 for Windows (SPSS Inc., IBM, Somers, New York, USA). The coefficient of variation (SD/mean) also was calculated. The intra-rater correlation coefficients were calculated using 1-way random effects model for measurements of agreement. Inter-instrument and inter-rater correlation coefficients were calculated using 2-way mixed-effects model for measurements of absolute agreement. Because of the clinical importance, the comparisons often were performed between two instruments 15, 16 . Therefore, the FAZ measurements from each instrument were compared to those of two of the three instruments using Wilcoxon signed rank test. Bland-Altman plots were generated to assess agreement of measurements between two of the three OCTA instruments. Differences in FAZ between instruments were plotted against mean FAZ measurements on these graphs. P value less than 0.05 was considered to be statistically significant.
